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ABSTRACT
New micro-fabrication techniques have allowed for the recent development of
micro-scale lab on a chip devices which can be utilized for on chip biological analysis as
well as electrokinetic energy conversion. This thesis aims to theoretically examine the
current thermodynamic efficiency discrepancies in electrokinetic energy conversion
devices as well as explore the potential for efficiency increase in a device which supports
fluid slip. Also, a micro-fluidic lab on a chip device is fabricated and demonstrated to be
capable of continuously separating multiple particles of 1μm, 5μm and 10μm out of a
bulk solution. Our device employs a DC dielectrophoretic technique, which previously
has only been shown to be capable of separating binary mixtures.
A thermoelectrohydrodynamic model is developed to analytically account for the
effects of Stern layer conductance and fluid slip on electrokinetic energy conversion in
nanofluidic channels. For both cases the optimum electrokinetic devices performance is
dependent on a non-dimensional figure of merit. The figure of merit is defined in terms
of three phenomenological coefficients which characterize the hydrodynamic
conductance, streaming effects and electrical conductance.

Stern layer conductance is

found to significantly reduce the figure of merit and thus the efficiency and power output.
This finding may explain why the recently measured electrokinetic device performances
are far below the theoretical predictions. Our results also show that nanochannels with
higher zeta potentials are more favorable to electrokinetic energy conversion due to the
effects of Stern layer conductance, which is contrary to the previous understanding.
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To consider the effects of employing a slip nanochannel for energy conversion,
we apply Naviers’s slip boundary condition to our model and re-examine the
phenomenological co-efficients. The phenomenological coefficients are all enhanced by
the fluid slip as compared to those without slip. The net result is an increased figure of
merit and thus an enhanced electrokinetic devices performance, particularly in
nanochannels with a high ratio of slip length to channel height.
We also successfully demonstrate that DC dielectrophoresis (DEP) can be utilized
to separate particles of diameters 1μm, 5μm and 10 μm in a micro-fluidic chip with an
applied electric field. The electric field is created within the chip by applying a specific
combination of voltages at 5 separate locations. Furthermore, this field is manipulated by
the presence of an insulating hurdle within the channel. As the particles pass through the
hurdle area and thus the distorted region of the electric field, they are separated into
distinct streams by a negative DEP force, which scales with particle size. Once the
particles are separated, they flow into respective branches.
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CHAPTER 1: Introduction
1.1 Aims and Motivation
In the 1970’s and 80’s the miniaturization of electronics and the advent of the
micro-processor ushered in an era in which a handheld computer could supplant the roll
of multiple computing devices.

Similarly, in the 1990’s, new micro-fabrication

techniques have sparked the development of “Lab on a chip” (LOC) microfluidic devices.
LOC devices can be utilized to miniaturize multiple large scale bio- and chemical
analysis processes, and place them all on a single, integrated, micro-fluidic chip[1,2,3].
Furthermore, devices such as these can be precisely engineered to provide accurate
process manipulation and control.
Cells and other biological items of interest are most often handled within a fluidic
buffer, hence analysis of any biological target most often takes place in an aqueous
environment.

The aqueous nature of biological analysis coupled with the need for

accurate manipulation at the micro-scale level make micro-fluidic devices a compelling
option for biological analysis applications.

New biotechnology advances include

biochips for disease detection and manipulation of cell sized particles.
An emerging technique utilized for biological cell separations is direct current
dielectrophoresis (DC DEP). A size proportional dielectrophoretic force can be induced
on a particle suspended in a bulk fluid by introducing a spatially non-uniform electric
field. Because of its tendency to scale with size this force can be utilized to separate
particles of different sizes out of a bulk solution. Previously it has been shown that this
technique is only capable of separating a binary solution. We theorize that separation of
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multiple particles can be accomplished with through careful design of a lab on a chip
device. In Chapter 5 of this thesis we present a fabricated micro device in which we
demonstrate the use of DC dielectrophoresis to separate particles of 1μm, 5μm and 10μm.
Also, of recent interest is the use of nano-fluidic channels for electrokinetic
energy conversion.

Newfound attention has been given to electrokinetic energy

conversion devices including electroosmotic pumps, [4-15, see Ref. 10 for a review of
micro pumps by Laser and Santiago] and electrokinetic generators [16-20] due to their
potential for integration into micro and nano-fluidic systems.

Currently experimental

devices have yielded thermodynamic efficiencies that are on the order of a few percent in
comparison to theoretically expected efficiencies of 12-15%.
We hypothesize that this discrepancy is due in part to the “leaking” of current
through the Stern Layer, the layer of immobile ions which attach to the wall of a device.
In order to test this theory we develop a comprehensive thermoelectrohydrodynamic
model which includes a new term to characterize conductance through the stern layer.
Overall device performance as well as the specific effect the conductance has on device
characteristics such as streaming current, electroosmotic flow and streaming potential are
quantified in detail in Chapter 3.
Because of the diminutive experimental efficiencies obtained, electrokinetic
device research is also focused on increasing the efficiency of such devices. It is thought
that achieving fluid slip could allow for enhanced device performance to the point at
which practical implementation of such devices could be possible. Chapter 4 of this
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thesis explores the potential effects that fluid slip could have on electrokinetic generation
device performance as well as its effects on the streaming current, electroosmotic flow
and streaming potential within the device.

1.2 Introduction to the Electric Double Layer
Electrokinetic transport is possible because of a spontaneous ion-redistribution
that occurs when an electrically neutral solid surface comes into contact with an
electrically neutral fluid. A predictable, non-uniform, ion distribution forms where ion
density is maximum at the surface and decreases transversely away from the wall. The
resultant distribution of ions within the aqueous solution is comprised of two distinct
layers, the immobile Stern layer, and the mobile diffuse layer. Together these layers
form what is commonly known as the electric double layer (EDL). This ion distribution
creates a proportional non-uniform electric double layer potential, ψ, where the resultant
surface potential, ζ, at the shear plane is commonly referred to as the zeta potential. It is
also important to note that there is a higher density of counter-ions within the electric
double layer. Figure 1 illustrates the formation of an EDL within the presence of a
surface (a.) and the resultant electric potential distribution (b.).
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(a.)

ζ
(b.)

Shear Plane

ψ=Electric Potential

3 to 5
κ

κ y

Figure 1: Non-uniform electric double layer (EDL) ion distribution and
corresponding potential for an electrolyte in the presence of a surface with surface
charge ζ.
The dimension of the potential distribution, in the transverse direction away from the
shear plane, is characterized by the inverse Debeye-screening length, κ, defined as:

2 zv2e2 n

 kbT

(1)

Where n  is the bulk ionic concentration, kb is Boltzmann’s constant, T is the fluid
temperature, zv is ionic valence, e is the elementary charge1, and ε is the di-electric
constant in the medium. Typically, the dimension of the EDL is within the range of
and on the order of several nanometers.

1

Elementary charge is the charge carried by a single proton or the negative charge of an electron.
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In the case of a fluid filled nanochannel, utilized for electrokinetic transport, there will be
two separate potential distributions for each adjacent wall. For channels whose radius is
greater than the length of each individual EDL, the potential at the channel’s center will
be zero; therefore the solution for the distribution within the channel can be obtained
through linear super position of each wall’s individual potential solution. However, if the
channel radius is less than the length of each EDL, a condition know as electric double
layer overlap, as illustrated in Figure 2, is obtained and determination of the ensuing
potential distribution is inherently more complex.

z

ζ

ψ(y)
ψo

h

-h
0

y

Figure 2: Electric double layer (EDL) overlap illustration for the potential
distribution in an electrolyte in a slip channel with surfaces of constant potential, ζ.
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Under the EDL overlap condition, a non-zero centerline potential is obtained and the
boundary condition ψ(y=0)=0 is replaced by ψ(y=0)=ψo. As will be seen in Chapter 2,
the non-linear version of the P-B equation must be used to accurately describe the
potential distribution within the channel under the condition of electric double layer
overlap.

1.3 Introduction to Electrokinetic Transport
1.3.1 Electroosmosis

Electroosmosis is the flow created by the electric field induced motion of the
excess counter ions within the electric double layer. In the presence of an applied electric
field, the ions are subjected to an electrical force which acts parallel to the electric field
lines and serves to move them towards their corresponding opposite electrodes. Due to
viscous effects, the ions drag the non-charged liquid molecules as they move through the
channel thus creating a bulk flow. The Electroosmotic velocity profile of a fluid can be
easily derived from the incompressible, steady state, fully developed, Navier-Stokes
equation, with the addition of an electrical body force term[1]:

0

  2u 
p
   2   Ez  e
z
 y 

(2)

Where, z is the dimension along the length of the channel, y is the transverse dimension,
Ez is the applied electric field(V/m), μ is the fluid viscosity, dp/dz the pressure gradient, u
is the fluid velocity and ρe is the net charge density within the channel which can be
expressed through the Poisson equation:
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e  y   

d 2
 y
dy 2

(3)

Plugging Equation 3 into Equation 2 and solving for the electroosmotic flow velocity ueo,
in the absence of an applied pressure gradient with boundary conditions set such that:
ψ(h)= ψ(-h)=ζ and u(h)=u(-h)=0 yields[1]:

ueo 

   
1
E 
    z

(4)

1.3.2 Electrophoresis

Now, consider a particle of non-zero net charge, suspended in a bulk liquid. If an
electric field is applied, the particle can be induced to move relative to the liquid due to
its inherent electrostatic surface charge. This is known as electrophoretic particle motion.
Mechanically, electrophoretic motion of particles parallels that of electroosmotic flow
and can similarly be induced through the application of an electric field.

Becasue the

same mechanism which drives electroosmotic flow is responsible for electrophoretic
particle motion, we can derive the electrophoretic velocity of a particle, with electrostatic surface charge, ζp, suspended in a bulk fluid within the presence of a thin2 double
layer and an applied electric field Ez to be:

uep 

 p
E
 z

(5)

2

The effect of EDL potential, on particle motion, can be neglected when the transverse length of the EDL
is significantly small in comparison to the channel height and particle diameter.
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Here, the difference between Equations 4 and 5 is that the zeta potential of the wall, ζwall,
is replaced by the zeta potential of the particle, ζp [1]. In the case of a uniform applied
electric field the particles will follow the electric field lines.
1.3.3 Dielectrophoresis

Dielectrophoretic (DEP) motion of particles can be obtained by distorting the
applied field, resulting in translational particle motion across fluid streamlines. The
dielectrophoretic force induced on a spherical particle in a region of non-uniform DC
electric field is given by[1]:
FDEP   a3 E

2

(6)

Here we can see that the DEP force scales with the cube of particle radius, a, and
divergence of the electric field intensity,  E . Intuitively, the gradient term tells us that
2

the direction and magnitude of the DEP force can be adjusted by introducing a spatial
non-uniformity into the electric field. In chapter 5, we demonstrate that an insulating
hurdle can be introduced into a microfluidic channel to constrict the channel cross-section
and thus distort the electric field. Channel constriction results in electric field distortion
because current within the channel is conserved at any cross-section.
1.3.4 Streaming Current and Streaming Potential

If a pressure gradient is applied to a fluidic channel in the absence of an electric
field, the ions within the channel will be forced to flow through the channel. Advection
of ions within a fluidic channel creates an electrical current, known as streaming current,
in the direction of the flow if the channel is negatively charged as shown in Figure 3.
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Figure 3: Streaming effects illustration for a slit channel of uniform surface charge,
ζ, under an applied electric field.
The streaming current, Is, is defined as the integral of the bulk fluid velocity, uz,
multiplied by the charge density with respect to the channel cross-sectional area, Ac:
I s   uz e ( y)dAc

(7)

Ac

The ions traveling downstream begin to accumulate at one end of the channel and
a corresponding voltage streaming potential, Es, is generated within the channel. As this
streaming potential builds it serves to impede the flow by causing counter-ions to move
in the opposite direction of the pressure driven flow. This streaming potential also
creates a corresponding conduction current, Ic, defined by Equation 8, through the
electrolyte, in the opposite direction of the flow, which is analogous to the electrical
current induced through a metal wire under and applied voltage.

Ic 

 Ac
l

(8)

Es
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Where λ is the conductivity of the system and defined as λ=λb+ λsurfaace+ λstern. Here, λb is
the bulk fluid conductivity, λsurface is the surface conductivity and λStern is the Stern layer
conductivity. Es/l, is the streaming potential gradient along the length of the channel, l.
Under steady-state conditions the streaming current is balanced by the conduction
current such that the total net current within the channel is zero. However, if an external
load in the form of a resistance is applied to the ends of the channel current can be
induced to flow through this outer loop and a net power can be generated by the channel.

1.4 Literature Review of EKG and DEP Particle Manipulation
This section aims to address the current state of research, both experimental and
theoretical, involving electrokinetic transport of both ions and charged particles within
nano- and micro-fluidic channels. Particle and ion transport can be induced through the
introduction of an electric field and/or the application of a pressure gradient within a
fluidic system.
1.4.1 EKG Devices

Theoretical Work
Min, Hasselbrink and Kim [12] present on the efficiency of electrokinetic
pumping of liquids in EKG devices. Analytical models are formulated for capillary, slit
and rectangular nanochannels. For a slit channel, Min et. al suggest that efficiencies up
to 15 % should be possible. In addition, they suggest that maximum efficiencies should
be obtainable at moderate zeta potentials for a device that is carefully and correctly
optimized with respect to channel depth, Debeye length and zeta potential.
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Dekker et al. examine the theoretical maximum possible efficiencies a postulated
EKG device of slit channel geometry should be able to obtain[16]. They showed that a
nano-scale device which supports strong electric double layer overlap, in conjunction
with a working fluid of low salt concentration, should be capable of converting energy
with an efficiency of 12%. Dekker’s theoretical work is later supported by experimental
work (discussed in the next section) which suggests that efficiencies are indeed highest
for channels of high double layer overlap.
Griffiths and Nilson employed numerical methods to examine energy conversion
efficiencies in EKG devices[13]. Their work suggests that, at a condition of maximum
work, for channels having large zeta potentials and high Levine number fluids,
efficiencies as high as 10% are possible. Moreover they observed that for a given fixed
Levine number and zeta potential there is an optimum Debeye length.
High flow-rates can be achieved in micro-pumps with larger dimensions. These
pumps most often utilize a porous structure within the pump. The individual pores
behave as individual capillaries, thus the pump behaves as many capillaries bundled
together.
Yao and Santiago have presented a comprehensive model for characterizing the
performance of glass column pumps packed with silica beads[7].

Electroosmotic flow

rate, current and thermodynamic efficiencies were all characterized.

Their model

suggests that an optimal efficiency of 6% should be achievable by such devices.
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It must be noted here that Juan Santiago’s microfluidics group at Stanford
University has been at the forefront of both experimental and theoretical research in the
area of micro electro-mechanical systesm (MEMS) devices for electrokinetic energy
conversion. They have experimentally and theoretically examined and characterized both
porous and non-porous electrokinetic generation devices at length.
Much recent work has gone into addressing current models in an attempt to
account for the disparity between the predicted and observed efficiencies in EKG
devices. Currently all fabricated electrokinetic devices share a single commonality seen
in the fact that experimental efficiencies differ greatly from the theoretical efficiencies.
While a discrepancy in theoretical and experimental efficiencies is expected, the
difference in current efficiencies is conspicuous.
Experimental Work
In 2001 Santiago, Chen and Mikkelsen fabricated EOF pumps, packed with nonporous silica beads, capable of producing large pressures of up to 20 atm and flow rates
of 3.6μL/min for an applied potential of 2 kV and a working fluid of de-ionized water[4].
They show that pressures within the pump are inversely proportional to bead size and that
flow-rate is completely independent of bead diameter. A thermodynamic efficiency of
1.3% was observed for the fabricated packed EOF pumps.
Utilizing a similar packed bead pump structure, Santiago, Mikkelson and Chen
demonstrated that it is possible to fabricate a pump capable of producing large flow rates
and low pressures[5]. A flow rate of 0.8 mL/min and a corresponding pressure of 2 atm
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was seen for an applied potential voltage of 1 kV. Flow rates on the order of mL’s per
minute should give electroosmotic pumps a significantly wider applicability.
In 2002 Santiago and Chen demonstrated that it was possible to fabricate a planar
electroosmotic

micro

pump

using

traditional

MEMS

fabrication

techniques

photolithography and chemical wet etching of soda-lime glass. A diagram detailing the
experimental set-up of the pump is seen in Figure 4.

Santiago 2002
Figure 4: Experimental electroosmotic pump schematic.
Utilizing a working fluid of de-ionized water, with a conductivity of 3.0x10-4 S/m, and an
applied voltage of 1 kV, the fabricated pump was shown to be capable of producing a
maximum pressure of .33 atm and a maximum flow-rate 15μL/min[6]. The pump in
question has a maximum, measured, thermodynamic efficiency of 1.3%.
Intel Corporation, in conjunction with Dr. Santiago’s group demonstrated that this
technology can be practically applied and utilized to create a two-phase electrokinetic
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heat sink which is capable of cooling VLSI3 microchips [22]. At flow rate of 12 ml/min
and a pressure of .81 atm the heat sink removes heat from the system at a rate of 17.3 W.
A device such as this, due to its compact size and ease of integration, is appealing for size
restricted electronic devices such as desktop and laptop computers.
Guan et. al have also fabricated an electroosmotic pump filled with porous dielectric material. The porous di-electric material was used in multiple packed columns of
100 μm i.d. Pressures of .1 -15Mpa and flow rates up to several micro liters minute were
observed[21].
In 2007 Dekker et. al experimentally studied conversion efficiencies in a slitlike
nanochannel as a function of channel height and salt concentration[17]. They found that
thermodynamic efficiencies are high for low salt concentrations and the double layer
overlap condition. A maximum efficiency of ~3% was recorded for a slit channel with a
height of 75 nm.

A table summarizing the performance of the aforementioned

experimental devices can be seen below.
Table 1: Summary of fabricated device pressures, flow rates and efficiencies.
Applied
Voltage

Max Power
Generated

Maximum
Pressure
Generated

Pressure
Applied

Maximum
Flowrate

Maximum
Obvserved
Thermodynamic
Efficiency
(ηmax)

Year

Researcher

Working
Mode

2001

Santiago et. al.

Pumping

2 kV

N/A

2 Mpa

N/A

3.6 μL/min

1.30%

2002

Santiago et al.

Pumping

1 kV

N/A

.202 Mpa

N/A

.8ml/min

N/A

2002

Santiago et. al.

Pumping

1 kV

N/A

.03 Mpa

N/A

15μL/min

1.30%

2002

Guan et. al.

Pumping

30 kV

N/A

15 Mpa

N/A

1.8 μL/min

N/A

2004

Intel/Santiago

Pumping

N/A

N/A

.082 Mpa

N/A

12 ml/min

N/A

3

VLSI stands for Very Large Scale Integration and describes micro-chips which contain >100,000
transistors on a single die.
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2007

Dekker et al.

Generation

N/A

195 pW

N/A

4 bar

N/A

3.2%

1.4.2 Literature Review of Dielectrophoretic Particle Motion

Recently it has been demonstrated that DC DEP has a wide applicability for onchip particle and cell separations and manipulations [3,23,24,25,26,27].

DC DEP for

particle separation is an appealing alternative to the AC DEP multi-electrode approach
which has been examined at length by Muller et al. and others[28,29]. The use of AC
DEP for particle separation is inherently more complicated and requires the use of
multiple electrodes embedded within the channel. These embedded electrodes present
problems as they are in direct contact with the buffer solution and can cause gas
evolution due to electrolysis at higher voltages.
Cummings et al have successfully shown that iDEP (Insulator based
dielectrophoresis) can be utilized to separate live and dead E. coli. Bacteria. Their
microfluidic chip contains two electrodes which provide a DC electric field and multiple
insulating posts designed to generate the spatial non-uniformity of the electric field
required for dielectrophoresis[30].

Utilizing a similar technique, Chou et. al.

demonstrated that it is possible to the separate and trap ssDNA (single stranded) and
dsDNA (double stranded) using an electrodeless DEP device[31].
Kang et. al. show that it is possible to continuously separate a binary solution of
two different size particles into different wells within a DC DEP micro-fluidic chip
containing an insulating hurdle to distort the electric field[24]. The figure below shows
the particle trajectory manipulation in the hurdle region of their fabricated device.
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Kang et al.
Figure 5: Time lapse photograph taken by Kang et al. of 5.7 and 15.7 μm particles.
In addition to demonstrating the successful DC DEP separation, they show that their
numerical model accurately describes particle trajectories.
Barbulvic-Nad et al. demonstrated the use of an oil droplet, whose size could be
dynamically changed through the use of a syringe pump, in place of a traditional
insulating hurdle in a microfluidic chip to create the non-uniform electric field[25]. Due
to the dynamic nature of the oil droplet, it was shown that the single chip was capable of
separating multiple combinations of binary mixtures consisting of 1 μm, 5.7 μm and 15.7
μm particles.
Ying et. al successfully trapped DNA in a pipette utilizing dielectrophoresis[32].
A negative potential is applied to the nano-pipette and its tapered geometry results in a
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non-uniform electric field. This results in DNA being trapped in the tip region of the
pipette.
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CHAPTER 2: Thermodynamic Analysis and Model Development
2.1 Introduction to the Working Modes of Energy Conversion
Power generation can be achieved by creating pressure driven flow of the ions
within the diffuse layer of a nanofluidic channel.

As mentioned previously, the

conduction current will balance with the streaming current under the no-load condition; if
an external load, represented by the resistance Ro in Figure 6, is applied a net current, IN,
and corresponding power can be generated by the channel.

Flow

IN

Figure 6: Power generation working mode for a longitudinally applied pressure
gradient P and a resistive load, Ro.
Conversely, to achieve the pumping mode of operation, we can apply an electric
potential, as illustrated by Figure 7, to produce an electroosmotic flow (EOF)
longitudinally along the channel. EOF is created when the electric field induced motion
of the ions “drags” fluid along in the direction of their flow generating Bulk liquid
motion.
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Electroosmotic
Flow

Figure 7: Electroosmotic pumping working mode for a slit channel of constant
surface potential, ζ, and electric potential applied along the length of the channel.
If this flow is restricted, a pressure will be generated which can subsequently be utilized
to power a non-electrically driven pump.

2.2 Thermodynamic Analysis
Electrokinetic energy conversion devices can be thermodynamically described by
the Onsager reciprocal relations for volumetric flow-rate, Q and electric current, I
through a channel of arbitrary geometry [33,34]
Q  G(p)  M ( )

(9)

I  M (p)  S ( )

(10)

Where p and  are the pressure difference and electric potential difference
across the length of channel, G indicates the hydrodynamic conductance, M characterizes
the electroosmotic flow/streaming current, and S denotes the electrical conductance. With
these two phenomenological equations, Xuan and Li [35] have shown that the efficiency
of electrokinetic energy conversion is independent of the working mode (i.e., generator or
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pump) at the condition of maximum efficiency or maximum output power. The output
power for the generation and pumping working mode are defined as:
Wgen  I 

(11)

Wpump  QP

(12)

Where, the corresponding energy conversion efficiency is simply defined as the electrical
output power over fluid power for the generator, and its corresponding inverse for the
pumping mode of operation.

 gen 

I 
Q(P)

(13)

Qp
I ( )

(14)

 pump 

Taking the Onsager reciprocal relations for flow rate and current, defined by Equations 9
and 10, and substituting then into Equations 11-14 yields expressions for W and η for
both generation and pumping working modes as functions of the phenomenological
coefficients and the applied pressure and potential gradients only:

Wgen  M (p)  S ( )2

(15)

Wpump  Gp 2  M ( )p

(16)

 M (p)  S ( ) 2
G(p)2  M ( )(P)

(17)

G(p)2  M ( )p

 M (p)( )  S ( ) 2

(18)

 gen 

 pump
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To derive the maximum theoretical power outputs and efficiencies for both generation
and pumping working modes we can simply evaluate

dW
dW
d
0 ,
 0 and
 0,
d p
d p
d 

d
 0 , for Equations 15-18, to obtain the conditions for maximum work and
d 
efficiency. Once obtained, these conditions can be plugged back into their respective
equations to obtain the efficiencies and power outputs at maximum output and maximum
efficiency respectively. Here we present only the efficiency  and the output power W of
an electrokinetic generator at the condition of maximum efficiency

max

1 


Wmax   G

Z

1 Z



2

(19)

Z
1  Z (1  1  Z ) 2
(p) 2
Z

(20)

M2
GS

(21)

where Z is the previously termed “figure of merit” [35,36,37]. This non-dimensional
parameter, as shown below, is a function of fluid and channel properties.
2.3 Development of an electro-hydrodynamic model in a slit channel
To solve for the phenomenological co-efficients, an

analytical

thermoelectrohydrodynamic approach, similar to that used by Xuan and Li [36] for a
capillary, is utilized. We expand on their theory by developing a model for a channel of
slit geometry. Consider a slit nanochannel of height 2h, width w and length l where w >>
2h and l >> 2h.
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2h

l
w

Figure 8: Slit channel geometry for a postulated EKG device.
One can then ignore the end effects and treat the channel as infinite parallel
plates. In such a channel, the axial fluid velocity, u, of a combined pressure-driven and
electroosmotic flow can be obtained from the steady, incompressible, Navier Stokes
equation in the z-direction, with the addition of an elecktokinetic body force term,

Fz  Ez e [38,39].

0

  2u 
p
   2   Ez  e
z
 y 

(22)

Substituting Equation 3, which relates charge density to potential distribution, into
Equation 22, we obtain:

0

  2u 
p
d 2
   2    Ez
z
dy 2
 y 

(23)

Integrating twice yields the axial fluid velocity, u.

h2  y 2   p  
u
1     
2  h2   z  



  1   Ez 



(24)
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Within this definition of velocity, the first term on the right hand size represents the
classic pressure driven Pousille flow in a slit channel and the second term describes the
electroosmotic flow.
Current density [38,39] within the channel is comprised of both the streaming current
density, due to the motion of ions(first term), and the conduction current density(second
term):

i  ze  n  n  u  mze  n  n  

(25)

Here, m is the ionic mobility, and n+ and n- are the volume densities of the anions and cations
respectively, which are described by the Boltzmann distribution,

 ze 
n  n0 exp  

 kbT 

(26)

where n0 represents the bulk ion density. Combining Equations 3, 25 and 26 allow for the current
density to be rewritten as:

i  

 z e 
d 2
u   b cosh  v    Ez 
2
dy
 k BT 

(27)

where  b  2mzen0 and is the bulk conductivity of the fluid. Note that the surface
conductance of the diffuse layer has been considered in the conduction current density in
terms of the cosh(x) function [38,39]. Integrating 24 and 27 over the channel crosssection and then comparing with Equations 9 and 10 yields the expressions of
phenomenological coefficients.
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G

2wh3
3l

M 

S

(28)

2wh
g1
l

4w 2 2 K 2
 hl *2

(29)

  

1  4  g3  cosh   0  




(30)


   y
g1   1   d  
  h
0

(31)

 y
g3   cosh    d  
h
0

(32)

h

h

Within this definition,  = zve/kBT is the normalized double layer potential with
0 being the potential at the channel center; * = zve/kBT is the normalized zeta
potential; K = h is the non-dimensional channel height where   2 zv2e 2 N Acb k BT is
the inverse of Debye screening length, cb is the ionic concentration of the bulk fluid, and
NA is the Avogadro’s number [1,40];  = λb/RT, previously termed Levine number
[13]4, is the non-dimensional property of the working fluid where R is the universal gas
constant.
Combining Equations 28-30 with Equation 21, we arrive at the figure of merit, Z.

Z

3 *2 g12

(33)

  

2 K 1   g3  cosh   0  
4


2

4

Griffith and Nilson’s [10] definition of Levine number is actually the reciprocal of the present .
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The double-layer potential ψ, in the defined functions g1 and g3 is solved from the nonlinear Poisson-Boltzmann equation:

d 2
  2 sinh   
2
dy

(34)

The analytical solution to Equation 33 is expressed in terms of the Jacobian elliptical
function and given as[40]:


  y 0 2 2 0  
   0  2ln  JacCD 
e
e 
 2



(35)

Where, Ψ0 can be iteratively determined from the known zeta potential  on the channel
wall. It is important to note that for a given fluid and channel combination,  will, in
general, vary with the non-dimensional channel height K = h. One option to address this
is to use a surface-charge based potential parameter for scaling instead of zeta potential
[16,19,20,41,42]. In this work, and other studies [6,7,12-15,18,35,38,39,43,44], the zeta
potential is used directly, as it may be readily determined through experiment and
provides a direct measure of the electroosmotic mobility. Calculation of the potential
distribution was done iteratively with the MatLab code seen in Appendix A.
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CHAPTER 3: Effects of Stern Layer Conductance on Electrokinetic
Energy Conversion in Nanofluidic Channels
Recent efforts have focused on increasing the efficiency of electrokinetic energy
conversion in nanochannels, which, however, still seem much lower than that predicted
by current theory [6,12-20,45]. One likely explanation of this discrepancy is the neglect
of Stern layer conductance in the electrokinetic theory [6,12,13,17]. The Stern layer is the
layer of counter-ions that attach to a charged surface. It is the inner immobile layer of the
well-known electric double layer [41]. The electric conductance of the Stern layer has
also been found to significantly affect the electrokinetic transport of colloidal particles
[46,47].
Recently, van der Hayden et al. [17] included the contribution of this surface
conductance in their chemical equilibrium model, which explained fairly well their
measurements on a power generator in nanofluidic channels. However, the real effects of
Stern layer conductance on electrokinetic device performance (e.g., efficiency and power
output) are still largely unexplored. This chapter addresses this issue by modifying the
electro-hydrodynamic model presented in 2.3 to account for the effects of stern layer
conductance.

3.1 Electro-hydro-dynamic analysis for a channel with stern layer
conductance
To account for the Stern layer conductance we propose the introduction of a new
term into the traditional current density equation, Equation 27, i.e., the last term in
Equation 36.
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 z e
d 2
i   2 u   b cosh  v
dy
 kBT

     Stern   




h  l 
 l 

(36)

where Stern is the Stern layer conductance. The Stern layer conductance term in Equation
36 is derived from (SternC/l)()/A where C = 2(w+2h) and A = 2wh are the perimeter
and the area of the channel cross-section, respectively. Note that the surface conductance
of the diffuse layer has been considered in the conduction current density in terms of the
cosh(x) function [38,39]. This surface conductance should be distinguished from the
Stern layer conductance.
Integrating Equations 24 and 36 over the channel cross-section and then
comparing with Equations 9 and 10 yields the expressions of the phenomenological
coefficients in the presence of stern layer conductance (see the Addendum for the
derivation of S). In comparison to the coefficients derived in the hydro-dynamic model
presented in Chapter 2.3, only S differs and thus G, M, g1 and g3 can be referenced from
Equations 28, 29, 31 and 32 respectively.

S

4w 2 2 K 2   


1   g3  cosh   0   Du 

*2
 hl
4
4



(37)

The stern layer conductance appears within the definition of the Duhkin number,
Du, where Du = Stern/hb = Stern/hλbcb. It is acknowledged that our Dukhin number is
different from the traditional definition in which the numerator is the total surface
conductance (i.e., the conductance through both the inner Stern layer and outer diffuse
layer) instead of the current Stern layer conductance [48,49]. Combining Equations 28,
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29, and 37 with Equation 21, we arrive at the figure of merit, Z, in the presence of Stern
layer conductance effects

Z

3 *2 g12

(38)

  


2 K 1   g 3  cosh 0   Du
4
4


2

One can see that Z is a function of four non-dimensional parameters, i.e., , K, *
and Du, as defined above. Apparently, the inclusion of Stern layer conductance decreases
the figure of merit, Z, and hence reduces the efficiency of electrokinetic energy
conversion, see Equation 19. As will be seen shortly, Stern layer conductance also
decreases the generation power in Equation 20 because the value of the figure of merit Z
is reduced significantly. The double-layer potential  in the defined functions g1 and g3
are solved per discussion of Equations 34 and 35 in section 2.3.

3.2 Results and Discussion
To examine quantitatively the effects of Stern layer conductance on electrokinetic
devices performance, KCl aqueous solution with the concentration cb = 105 M is utilized
as the working fluid. Its properties include the viscosity µ = 0.9103 kg/m-1s-1, dielectric
constant ε = 798.8541012 CV-1m-1, and molar conductivity Λ = 0.0144 Sm2mol-1 at
temperature T = 298 K [17]. The calculated Levine number is β = 7.47. The Stern layer
conductance is assumed to be Stern = 1 nS as measured by Lobbus et al. [49]. A
MATLAB program (see the Supporting Information) was written to implement the
calculations. An iterative method was first employed to determine the double-layer
potential 0 from Equation 34. Then, a direct numerical integration approach was applied
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to compute the phenomenological coefficients, figure of merit Z, and in turn the power
output and efficiency of electrokinetic generators as an example.
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(a)

ζ*

K
(b)

ζ*

K
(b)

Figure 9: Contours of the figure of merit Z as a function of the normalized zeta
potential ζ* and the non-dimensional channel height K when stern layer
conductance is (a) ignored and (b) considered.
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Figure 9 displays the contour plots of the figure of merit Z (a) without and (b)
with consideration of Stern layer conductance over a range of 0 < K < 8 and 0 < ζ* < 8.
As noted above, Stern layer conductance reduces Z significantly across the entire contour.
Moreover, the region at which Z is maximized (and hence the generation efficiency max
is maximized, see Equation 19 and the discussion for Figure 10) is more tightly focused
in an area of high ζ*/K values compared to that without accounting for the Stern layer
conductance. This finding contradicts previous work which suggests that choosing high
zeta potentials is unnecessary when seeking to obtain maximum generation or pumping
efficiency in nanochannels [12-14,18,35]. With the assumed value of Stern layer
conductance, Stern = 1 nS, our results indicate that the optimum Z = 0.12 can only be
obtained at about ζ* = 8 and K = 0.5. If Stern = 0, however, a much higher value of Z =
0.23 can be achieved even at a zeta potential as low as ζ* = 4.5.
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ζ*=8

ηmax η

ζ*=4

ζ*=2

ζ*=8
ζ*=4
ζ*=2

K
Figure 10: Comparison of the generation efficiency ηmaxη when Stern layer
conductance is considered (solid lines) and ignored (dashed lines). The highest
efficiencies obtained, accounting for the Stern layer conductance, occur at K = 0.34,
1.61 and 2.75 for ζ* = 2
Figure 10 compares the maximum efficiency, i.e., max in Equation 19, of
electrokinetic generators with (solid lines) and without (dashed lines) consideration of
Stern layer conductance at ζ* = 2, 4 and 8, respectively.

As expected, max

is

diminished across the entire range of ζ* and K values when the Stern layer conductance is
accounted for. However, it is interesting and important to note that this conductance is
more detrimental to the device efficiencies at lower zeta potentials. At ζ* = 8 the Stern
layer conductance reduces the maximum obtainable efficiency, for any K value, by about
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50% in comparison to nearly 95% at ζ* = 2. This phenomenon can be explained by
examining the behavior of terms g3 and cosh(0) in Equation 37 which increase
exponentially as ζ* rises. This causes the Du number to be less dominant for higher ζ*
values. In addition, it is noted that the value of K at which max is optimized stays almost
constant at ζ* = 8 while increasing at ζ* = 2 and 4 by 33% and 47%, respectively, due to
the effects of Stern layer conductance.
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(a)

ζ*

K
(b)

ζ*

K
Figure 11: Contours of the normalized generation power density as a function of the
normalized zeta potential ζ* and the non-dimensional channel height k when stern
layer conductance is (a) considered and (b) ignored.
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Figure 11 shows the contour plots of the normalized electrokinetic generation
power density, i.e., Wmax in Equation 39 normalized by the channel volume, V = 2whl,
and the square of the applied pressure gradient, P = p/l,

Wmax
VP 2

h2 1  Z (1  1  Z ) 2

3
Z

(39)

when the Stern layer conductance is (a) considered and (b) ignored, respectively. Similar
to the figure of merit and generation efficiency, Stern layer conductance also reduces the
generation power across the entire contour. However, this conductance does not change
the tendency of the generation power to scale with K [or the channel height h, [see
Equation 39]. Another notable effect of Stern layer conductance is that the optimum ζ*
value at which the generation power density is maximized has been shifted upwards from
ζ* = 5 to about ζ* = 7. This change is inline with our other results that suggest again it
may be necessary to enhance zeta potential values in order to achieve the optimum
electrokinetic device performance.

3.3 Summary
We have attempted to analytically determine the effects of Stern layer
conductance in electrokinetic energy conversion devices. This conductance is included in
the total electric conductance in terms of Dukhin number. The new figure of merit Z thus
becomes a function of four non-dimensional parameters: Levine number β, normalized
zeta potential ζ*, non-dimensional channel height K, and Dukhin number Du. It is found
that Stern layer conductance reduces the efficiency and power output over the entire
range of ζ* and K values that are of practical interest due to the decrease in figure of
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merit. This phenomenon may explain why the recently measured electrokinetic devices
performances are far below the theoretical predictions that ignored the contribution of
Stern layer conductance. Furthermore, the locations of optimal performance are shifted
towards the realm of higher ζ* values. This result is interesting as it is contrary to
previous work concluding that it is unnecessary to seek higher zeta potentials to obtain
better performance. Our results suggest that in future experimental work higher zeta
potentials should be explored when trying to achieve the maximum electrokinetic
generation or pumping performance in nanofluidic channels.
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CHAPTER 4: Electrokinetic Energy Conversion in Slip Nanochannels
Though a maximum efficiency of 15% has been theoretically predicted for
nanofluidic energy conversion devices,[12,36] the experimentally measured efficiencies
of electrokinetic energy conversion, as previously mentioned have typically been less
than 1%,[4,17,18,52] leaving a large room for improvement of electrokinetic device
performance. More recently, Pennathur et al.[50] proposed the use of slip
nanochannels[51] for electrokinetic energy conversion. They claimed that a conversion
efficiency of up to 35% is achievable in 100 nm-diameter cylindrical tubes with a slip
length of 6.5 nm and a very high surface potential. However, the real effects of fluid slip
on the flow of liquid and ions (i.e., electric current) and thus the electrokinetic energy
conversion in nanofluidic slip channels still remain unclear. This chapter aims to address
this issue using a thermoelectrohydrodynamic model.

4.1 Electro-hydro-dynamic analysis for a channel with slip boundary
condition
Consider a slit nanochannel of geometry previously presented in Chapter 2. To
account for the fluid slip, we utilize Navier’s slip boundary condition, u(h)  bdu dy yh ,
where u(h) is the slip velocity at the wall, b is the slip length, and y is the transverse
coordinate originating from the channel center. Applying this slip condition to a general
electrokinetic flow, [1,41] we arrive at, u, the velocity profile for an axial slip flow:

u

h 2  y 2 2b 
 
1  2   p  
2  h
h 


  b d
1  
   dy


37


  

y h 

(40)

It is apparent from Equation 39 that the fluid slip b serves to enhance both the
pressure driven (1st term) and electroosmotic (2nd term) flows. The functional form of
current density, i, is un-modified and defined by Equation 27. The double-layer potential

 involved in Equations 27 and 40 is determined from the Poisson-Boltzmann equation
and is explicitly determined, as previously detailed in Chapter 2[41].
Integrating Equations 27 and 40 over the channel cross-section and then
comparing the resultant equations with Equations 9 and 10 yield the expressions of the
phenomenological coefficients for a slip channel.
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where g1     d  y h  , g 2  2 cosh  *  cosh0  and g3   cosh    d  y h 
0

0

are all positive functions,[52].

One can see that fluid slip enhances all three

phenomenological coefficients. Combining Equations 41-43 leads to the figure of merit
Z in a slip nanochannel

Z

3 1  g1   * K  Bg 2 

2

2 1  3B  1   4  g3  cosh   0   Bg 22 2 
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(44)

where B = b/h is the non-dimensional slip length. Therefore, Z is a function of four nondimensional parameters, viz. , B, K and *, as defined above. Apparently, a smaller 
results in a higher Z. The effect of B on Z, however, cannot be readily inferred because it
causes an increase in both the numerator and the denominator of Equation 44. In addition,
Z seems to favor small K at large values of  *. All these aspects will be analyzed and
discussed below, where 1 mM KCl aqueous solution, i.e., cb= 103 M, is used as the
electrolyte. The fluid properties include viscosity µ = 0.9103 kg/m-1s-1, dielectric
constant ε = 798.8541012 CV-1m-1, and molar conductivity b = 0.0144 Sm2mol-1 at
temperature T = 298 K.11 The Levine number β is 7.47.

4.2 Results and Discussion
Figure 12 displays the ratios of the phenomenological coefficients G, M and S in
nanochannels with a slip length of b = 5 nm to those without slip (i.e., b = 0).
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Figure 12: Ratios of the phenomenological coefficients g, m and s in nanochannels
with a slip length b = 5 nm to those without slip (i.e., b = 0). The normalized zeta
potential is ζ* = 4.

Each coefficient is enhanced by the effects of fluid slip, where the largest enhancements
are obtained by G and M in the region of small K values (or equivalently, small
nanochannels) with strong double-layer overlapping while S remains mostly constant.
The net effects of fluid slip are still to increase the figure of merit Z as demonstrated in
Figure 13.
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(a)

ζ*

K
(b)

ζ*

K
Figure 13: Contours of the figure of merit Z as a function of the normalized zeta
potential ζ* and the non-dimensional channel height K when fluid slip (b = 5 nm) is
(a) considered and (b) ignored (b=0 nm).
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For example, the maximum Z value in slip nanochannels (top) is 0.33 as
compared to 0.24 in no-slip nanochannels (bottom). Moreover, fluid slip squeezes the
region within which Z approaches its extreme to the one with higher magnitude of * and
lower value of K. Figure 14 compares the maximum efficiency, max in Equation 19, of
electrokinetic energy conversion with (solid lines) and without (dashed lines)
consideration of fluid slip (b = 5 nm) at different  * values.
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Figure 14: Comparison of the electrokinetic conversion efficiency ηmax when fluid
slip (b = 5 nm) is considered (solid lines) and ignored (dashed lines).

While max increases for all values of  * and K due to the effects of fluid slip, it
can be clearly seen that narrow channels with high zeta potentials benefit the most. A
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maximum efficiency of more than 30% is obtained in the slip nanochannel with K  0.3
(corresponding to a normalized slip length, B = 0.26) and * = 6. Such high conversion
efficiency could make electrokinetic energy conversion devices in slip nanochannels
more attractive. As a comparison, the maximum efficiency in no-slip nanochannels is
only 7.2% at K  0.9, which is less than a quarter of that in slip nanochannels. Moreover,
as demonstrated in Figure 13a, an even higher zeta potential will further increase the Z
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Figure 15: Electrokinetic conversion efficiency ηmax (normalized by that with zero
slip length) as a function of the non-dimensional slip length B. The dimensional slip
length b is also shown as a second abscissa. The non-dimensional channel height is
fixed to K =2

43

The influence of slip length on max is displayed in Figure 15, where max is
normalized by that without fluid slip and K is fixed to 2. The efficiency increases with the
non-dimensional slip length B (and thus the dimensional slip length b as the channel half
height h is fixed, which is also shown in Figure 15 as a second abscissa), and is
approximately a linear function of B especially when  * is small. This phenomenon may
be explained by the fact that the increase in M due to the effects of fluid slip is almost
cancelled out by the increases in G and S (see Figure 12). As such, the slip effect on Z is
roughly equivalent to that on M where B appears only in the linear term [see the
denominator of Equation 44].

4.3 Summary
In summary, we have examined the effects of fluid slip on electrokinetic energy
conversion in nanochannels using an analytical model based on Onsager’s reciprocal
relations and electrokinetic flow theory. Fluid slip is found to enhance the
phenomenological coefficients and thus the electrokinetic figure of merit. The result is an
approximately linear increase in the electrokinetic devices performance with respect to
the slip length. Our results indicate that nanochannels with larger slip length and higher
surface potentials will benefit more from the fluid slip effects.
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CHAPTER 5: On-Chip Direct Current Dielectrophoretic Separation of
Multiple Particles
Recently it has been demonstrated that DC DEP has a wide applicability for onchip particle and cell separations and manipulations [3,23,24,26,27]. Precise control of
molecules on this scale is becoming increasingly important in Biotechnology.
Additionally, new photolithographic fabrication techniques allow for easy manufacturing
and integration of the DEP micro-structure into our lab on a chip system which is
designed to handle multi particle separations.
As mentioned in Chapter 2, DC DEP for particle separation is an appealing
alternative to the AC DEP multi-electrode approach. To recapitulate, AC DEP employs
multiple embedded electrodes within the chip to generate the divergence of the electric
field required for dielectrophoretic particle motion.

A consequence of embedded

electrodes is that under high applied voltages they can result in electrolysis and
subsequent gas evolution within the chip. In addition to supporting high electric fields
without concern for electrolysis, electrodeless DC DEP structures are chemically inert,
robust, and easily fabricated and integrated into micro-systems.
Expanding on the principals in the work by Kang et. al discussed in chapter 1.2.2,
we demonstrate that the usage of electrodless dielectrophoresis within a micro-fluidic
chip can be used to continuously separate polystyrene particles, of three distinct
diameters, (1 μm, 5 μm and 10 μm) out of a bulk colloidal solution and into respective
wells. Dielectrophoretic motion of the particles is induced through the introduction of a
passive insulating hurdle to spatially distort the electric field at a specific region within
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the chip. In the hurdle region, where the electric field is highly distorted, particles
experience a size sensitive negative DEP force, defined by Equation 6, which serves to
alter particle trajectories by displacing them across fluid streamlines and thus separating
the particles into respective streams according to size.

5.1 Background
In the hurdle region, displayed in Figure 16b, the particle is simultaneously acted
on by the electrophoretic force, Fep, the dielectrophoretic force Fdep, and the Stokes force,
Fs. Therefore, the total external force, Fext, acting on the particle in the hurdle region is
given as:

mp

du p
dt

 Fext  Fs  FEP  FDEP  0

(45)
Here mp is the mass of a particle.
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(a)

(b)

up-uf

Fdep

Fs

Fep

Figure 16: Electric field lines within the chip (a) Contour of the electric field
intensity and all electrokinetic and hydrodynamic forces acting on a particle in the
hurdle region(b).
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Figure 16b displays the contours of the electric field in the region of the insulating hurdle,
showing us that the electric field gradient is highest at the corners of the block. Voltages
are set such that the particles are forced as close to the hurdle as possible to maximize the
magnitude of the DEP force that they experience.

5.2 Experiment
A

five

branch

micro-fluidic

channel

network

was

fabricated

from

polydimethylsiloxane (PDMS) using a soft lithography technique. Overall, the channel
measures 34 mm length and each branch is 300 μm in width, with the exception of the
particle injection branch, which is sized at 90um in order to better focus the particles as
they entering the hurdle region. Electric field manipulation within the channel was
accomplished through the introduction of a passive, insulating hurdle of height 260 μm
and width 200 μm. A detailed diagram showing location of this hurdle and the geometry
of the fabricated channel can be seen in Figure 17.
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mm
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D
A

C

B

mm

Figure 17: Detailed channel geometry
The input branch, B, serves to guide the particles into the hurdle region where
they are then moved into the separation branches C, D and E. Channel branch A is
responsible for producing a driving electroosmotic flow which forces particles close to
the insulating hurdle and into the region of highest electric field non-uniformity.
Master molds for the creation of each microchannel channel were created by first
spin coating clean glass slides with 21 μm thick layer of SU-8-25 photoresist
(MicroChem). Slides were then baked on hot plates at 65 °C for 3 minutes and then 95
°C for 7 minutes. Following the baking, a 10000 dpi photomask with the channel
geometry was placed on top of the photoresist, and the photoresist was exposed to UV
light for a time of 13.5 seconds. After exposure, they were subjected to a post bake of for
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2 minutes at 95 °C. The masters were then immersed in developer solution and gently
agitated for 3 minutes to wash away the photo resist which has not exposed to the UV
light; the remaining photoresist forms a relief of the channel pattern. Upon completion of
their developing, the masters were subjected to a “hard” bake at 65 °C for 1 minute and
95 °C for 3 minutes. Each master was then placed in an individual petri dish to form a
mold which liquid PDMS can be poured into. After filling the mold, the PDMS was
degassed under vacuum and finally cured for 3-4 hours within a gravity oven at a
constant temperature of 75 °C.
Cured channels were cut out of the molds using a scalpel and placed channel side
down on a clean glass slide. At this point, the wells at locations A, B, C, D and E were
removed using a stainless steel punch. Channels are then prepared for the final bonding
procedure, in which the PDMS is permanently bonded to a glass slide, by treating them in
a Plasma Cleaner (Harrick Plasma).

PDMS channels were placed channel side up and

treated along with another glass slide within the plasma cleaner and treated for 1.5
minutes to render the channels hydrophilic. After treatment, the PDMS was placed
channel side down on the treated glass slide and an irreversible bond was formed between
the PDMS and the glass slide. The fabricated micro-fluidic chip, which has been injected
with green dye to highlight the channels, is shown along side a penny for a size
comparison in Figure 18.
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E
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D
B
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Figure 18: Dye injected micro-fluidic chip shown alongside a penny for size
comparison.
Because the channel can become hydrophobic if left exposed to air for too long, it
is important to fill it with pure water immediately following fabrication. If the channel is
of good quality, a drop of pure water can be placed in any one of the wells and the
channel will fill up automatically due to capillary effects. If this does not occur, it may
still be possible to use the channel by using a syringe to manually pump fluid throughout
the channel. Occasionally bubbles may form within the channel which can serve to
impede the electric field and the flow of particles; in order remove bubbles a syringe may
be used to gently suck them from the channel.
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Polystyrene particles of size 1μm, 5 μm, and 10 μm were supplied by Sigma
Aldrich in the form of 2.64%, 5% and 5% suspensions in pure water, respectively. A
small amount of each solution was combined into a single solution and then diluted with
pure water such that the particle density of the 5μm and 10 μm particles were both
approximately 105/mL. In order to avoid settling the particle solution was gently agitated
by hand before injection into the channel.
Before the experiment was carried out, the pressure driven flow within the
channel was eliminated by carefully adjusting the water levels in each well. Once the
pressure driven flow was eliminated, a high voltage DC power supply (Glassman High
Voltage, High Bridge, NJ) was employed in conjunction with a custom voltage controller
to create the electric field within the chip. Because a combination of 5 different voltages
needs to be applied at wells A,B,C, D and E, a voltage controller circuit is necessary to
take the input voltage from the power supply and split it into 5 separate voltages that can
then be individually adjusted and fine tuned. The circuit used for voltage manipulation
was setup per the diagram below.
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A

B

C

D

Figure 19: Custom voltage controller circuit diagram.
Input voltage, V, is taken and dropped across four separate banks of resistors
(labeled A,B,C, and D) wired in series to obtain the desired voltage combination.
Additionally, each bank of resistors has a variable resistance, Rv, wired in parallel with
one or more resistors to allow for fine tuning of each voltage. Voltages are taken from
the controller and then run to a stage, seen in Figure 21, which has six platinum
electrodes which can be placed in each individual well. The function of the stage is
twofold, in addition to being used for voltage application; it also holds the chip securely
in place on top of the microscope’s stage to allow for easy monitoring of the particle
motion.
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Microscope
Stage

High Voltage Power Supply
Voltage
Controller

HD Camera

Figure 20: Experimental Setup.
Wires to Controller
Objective
Electrode

Stage

Chip

Figure 21: Close-up view of the stage with installed micro-fluidic chip.
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During the experiment, voltages were adjusted until the combination of voltages
applied allowed for the particle separation to be realized. Particle motion was monitored
with an inverted microscope (NIKON TE2000U, NIKON USA) and accompanying hidefinition camera (NIKON DS Qi1MC, NIKON USA). Videos were taken in black and
white, at a frame rate of 12 fps, a resolution of 1280x1024 pixels, and were recorded
directly to a computer hard drive.

5.3 Simulation
Comsol Multiphysics v3.3a was employed in conjunction with the Comsol
Chemical Engineering Module to simulate the particle trajectories and electrical field
lines/streamlines within the channel seen in Figures 22a. and 22b. Fluid flow within the
wall region of the channel is governed by the incompressible Navier –Stokes equations
with a corresponding electrical body force term. Therefore the fluid velocity in the
vicinity of the EDL is described by the electroosmotic flow velocity, ueo and is defined by
Equation 4.

Outside the vicinity of the electric double layer, Newtons 2nd law for the

motion of the particle is satisfied per equation 45. Within this equation the Stokes force
Fs is defined as:

Fs  6 a  u p  ueo 

(46)

The Stokes force is proportional to the particle velocity relative to the
electroosmotic flow velocity, up-ueo which are respectively defined by Equations 4 and 5.
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The electrophoretic force on the particle can be simply derived from the Stokes force and
is defined as:
Fep  6 auep

(47)

Other pertinent boundary conditions are set such that pressure driven flow is nonexistent, the potential at each of the five wells corresponds to the applied voltages in the
experiment, and the walls of the channel are assumed to be non-porous and nonconducting.

5.4 Results and Discussion
We demonstrate that that our fabricated micro-fluidic chip can be used to separate
polystyrene particles (Sigma Aldrich) of three different diameters, 1μm, 5 μm and 10 μm,
into respective wells.

Particles diameters were chosen as they are representative of

typical biological cell sizes.
5.4.1 Separation

Particles are injected into well B with a 1 ml syringe and, with the voltages
applied, a bulk flow of particles migrates up the injection channel and into the hurdle
region where they encounter the spatially non-uniform electric field. As the particles
come off the corner of the hurdle, they experience a dielectrophoretic force which
separates the bulk particle flow into separate streams according to size. Ideally, the
separation streams are only 1 particle wide, however, particle-particle interactions often
result in streams that are comprised of 2-3 particles traveling side by side.
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In order to achieve complete separation, the DEP force exerted on the particles, as
they pass through the hurdle region, needs to be sufficiently high enough to shift the
largest particles across enough streamlines such that they are advected into well E.
Continuous particle separation, shown in Figure 22a, was realized for the combination of
applied voltages displayed in Table 1. The time lapse image in Figure 22a was obtained
through the superposition of consecutive images extracted from the separation video.
The particle trajectory image is shown alongside the simulated particle trajectories for
comparison.
Table 2: Applied separation voltages
Electrode Voltage(V)
A
454
B
186
C
76
D
66
E
Ground
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(a)

E
10μm

D 1μm

1μm

C
(b)

E
10μm

D 5μm

1μm
C

Figure 22: Time lapse of 1, 5, and 10 micron particle trajectories (a). Comsol
simulation of 1, 5, and 10 micron particle trajectories (b). VA=454, VB =186, VC=76,
VD=66, VE=ground
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5.4.2 Fluid Flow Visualizations

Visualization of the flow streamlines is obtained by injecting fluorescent particles
of size .6 μm (Sigma Aldrich) into the channel at wells A and B. With the separation
voltages applied, the particles are advected along the electric field lines by the
electroosmotic and electrophoretic forces. Due to their nominal diameter, the particles
experience a negligible dielectrophoretic force, and thus their trajectories are accurate
representations of the fluid streamlines.

A Nikon hi-definition camera was use in

conjunction with a blue fluorescent filter to take the extended exposure image seen in
Figure 23a.
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(a)

E

A

D

C

B
(b)

E

A

D

C

B

Figure 23: Fluid streamlines obtained by taking an extend exposure image of .6 μm
fluorescent particles (a). Comsol simulation of fluid streamlines for .6 μm particles
(b).
An extended exposure time of .5 seconds serves to smear the particle trajectories
and provide a visualization of the electric field lines/streamlines within the flow field. In
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comparison to the experimentally obtained electric field/streamlines, the simulated
electric field lines in Figure 23b appear to compare reasonably well.

5.5 Summary
We have successfully demonstrated that DC DEP is principally capable of
continuously separating multiple particles.

The PDMS microstructure supports both

particle separation and transport in the presence of an applied electric field.
It should also be noted that this device also has the potential to support separation of
particles with differing surface potentials. Particles of differing surface potentials will
move at different rates through the channel and therefore be exposed to the DEP force for
differing amounts of time.
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CHAPTER 6: Conclusions and Future Work
Within this thesis, two separate electrohydrodynamic models for electrokinetic
energy conversion devices are presented. Model 1, presented in Chapter 3 examines the
effects of Stern layer conductance on device performance from a power output and
efficiency standpoint.

As hypothesized, Stern layer conductance was found to be

detrimental to device performance and would seem to explain the current discrepancies
seen in predicted and measured device power outputs and efficiencies. What we can take
from this research is that EKG device designs should be optimized utilizing a
thermodynamic model which accounts for Stern layer conductance in order to fully
realize their potential in the presence of Stern layer conductance.
Our second hydrodynamic model examines the ramifications of a theoretical
device of slit geometry which allows for constant fluid slip within the channel. As
expected, we have shown that efficiencies of up to 30 % could be realized in such a
device. However, it should be noted that Model 2, does not account for Stern layer
conductance. For a slip device a more complete characterization of potential device
performance could be obtained from combining the two models.
Our fabricated microfluidic chip demonstrates that, as we thought, it is indeed
possible to separate three particles out of a bulk solution by way of DC dielectrophoresis.
Previously only a binary solution had been separated using such a technique. Our results
show that DC DEP devices are capable of being precisely engineered to control multiple
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particle trajectories which should make such devices more attractive for biological
analysis applications.
Until Stern layer conductance is fully understood, it would seem that efforts to
mitigate its effects would be better directed to research into increasing EKG device
performance in other ways, such as determining how to induce slip within the channel.
Exploration into these materials or conditions in which fluid slip within the channel can
be realized would appear to be the next logical step in the search for increases in device
efficiency. Subsequent fabrication and characterization of a device in which the energy
conversion efficiency is enhanced dramatically would be a major step towards a practical
EKG device.
DC DEP microfluidic devices show great promise for biomedical applications as
these devices support the analysis and precise manipulation of biological particles within
a fluidic medium. The next logical step for research regarding the device presented in
this thesis would be to demonstrate the successful separation of actual biological samples.
One of the concerns regarding the handling of biological targets is the detrimental effects
high electric fields can have on them; High intensities can cause cell lysis, which is the
rupturing of a cell membrane.

In addition to implementing the device to separate

biological targets other future work regarding

the device should revolve around

optimizing the size and geometry of the insulating hurdle in an attempt the minimize the
electric field intensity and/or time a cell is exposed to a high electric field.

63

APPENDICES

64

Appendix A – Derivation for the Phenomenological, S, in Chapter 3
This Addendum provides a derivation for the phenomenological coefficient S in Equation
37 in the main text. The derivations for the coefficients G and M are referred to Min et al
[12]. First integrate Equation 36 over the cross-sectional area to determine the total
electric current along the slit nanochannel of height 2h and width b
h

I  2w 
0

h
 z e
d 2
udy

2
w
 b cosh  v
2

dy
 kBT
0
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2
w
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h  l 

0
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Expanding the fluid velocity in the first term using Equation 26 and grouping all 
terms give
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Comparing Equation A2 with the phenomenological equation for electric current, i.e.,
Equation 10, immediately yield
h
h
2w b
2w str
2w 2 2  d 2    
S
cosh    dy 
 2 1    dy 



l 0  dy    
l 0
l

(A3)

where  = zve/kBT and * = zve/kBT are as defined in the main text. Applying
integration by parts to the first term in Equation A3 receives
2

h
h
2w b
2w str
2w 2 2  d  
S
dy

cosh    dy 

2  

l
dy 
l 0
l
0
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(A4)

To further simplify the first term in Equation A4, we rewrite the Poisson-Boltzmann
equation, Equation 34, as follows

d  d 2
d
2
 2 2 sinh   
2
dy dy
dy

(A5)

which can then be rearranged as
 d  2 
   2 2 sinh  d
d 
dy  



(A6)

Integrating Equation A6 with respect to  leads to
2

 d 
2

  2 cosh     cosh   0  
dy



(A7)

where 0 is the normalized double-layer potential at the channel center. By defining the
function g3, Equation 32 in the main text, one can now specify the coefficient S in
Equation A4 as:

S

2wh b g3 2w str
4w 2 2 K 2

 g3  cosh   0   
2
 hl
l
l

(A8)

Invoking K = h,   2 zv2e 2 N Acb k BT , b = cb, * = zve/kBT, and R = kBNA reduces
Equation A8 to

4w 2 2 K 2 

  Stern 
S
g3 
 g3  cosh   0  

2
 hl
4 RT
4 RT  b h 
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(A9)

Which is equivalent to Equation 37 if one defines the Levine number  = /RT and the
Dukhin number Du = Stern/hb.
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Appendix B - Matlab Code to Calculate the Electric Potential Distribution
Matlab Code for calculation of the double layer potential, and corresponding values for
the phenomenological coefficients, figure of merit, efficiency and power generated used
in Chapter 3 and 4.
clear;
clc;
disp('start')
%FLuid Property declerations
mu=0.9e-3;
%Fluid viscosity
(kg/m*s)
epsilon=79*8.854e-12; %di-electric constant(Permitivitty) (C/V*m)
kb=1.38e-23;
%Boltzmanns Constant
(J/K)
T=298;
%Temperature
(K)
ze=1.602e-19;
%Valence of ions*charge of electron
(C)
cb=1e-3;
%Molar Concentration of ions
(mol/L)
Na=6.022e23;
%Avagadros number
(items/mol)
n0=Na*cb*1000;
%Bulk ionic density
(ions/L)
lambda=.0144;
%molar conductivity
(Sm^2/mol)
sigma=lambda*cb*1000; %Bulk conductivity
(S/m)
sigmaSTR=1e-9;
%Stern conductivity
(S)
R=8.314;
%Universal Gas constant
kappa=sqrt(2*ze^2*n0/(epsilon*kb*T)); % Electrokinetic radius
beta=lambda*mu/(epsilon*R*T); % liquid property
format long;
%Channel Properties
kN=16; % 16 --> zeta=8
jN=29; % 29 --> K=8
base_zeta=0.5;

%Base zeta potential value

%Creates a matrix of zeta* vs. K for the contour plots
for i=1:kN
for j=1:jN
X(i,j)=kappa*(j^2)*(9.17e-11);
Y(i,j)=i*base_zeta;
end
end
step_zeta=0.00004; %Step value for the calculation of psi(0),
% this value affects the precision
for k=1:kN %Loop to cycle non-dimensional zeta potential from 1 to 8
disp('Now is working on normalized zeta potential:')
zeta=-k*base_zeta
%calculation zeta potential
for j=1:jN %Loop to cycle the non-dimensional electrokinetic radius
% from 1 to 8
disp(' At non-dimensional channel height K:')
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K=kappa*(j^2)*(9.17e-11 %Calculation of non-dimensional
%electrokinetic radius
h=(j^2)*(9.17e-11); %Calculation of channel height
Du=sigmaSTR/(sigma*(j^2)*(9.17e-11)); %Calculates the Duhkin number
% for each width
count=abs(zeta)/step_zeta; %Calculates the number of steps between 0
%and zeta
%The double layer potential at the channel centerline, psi(0), is a function %of the non-dimensional
electrokinetic radius K. Therefore for each value of %K we must calculate the corresponding centerline
potential. This is done %below with a 'for' loop which varies the centerline potential, from ~0 to %the
specified zeta potential, in incriments of .00004 V and calculates the %corresponding zeta potential using
an analytical solution to the non-linear %P-B equation. When calculated zeta potential equals the specified
zeta %potential the correct centerline potential for the given value of K has been %found.

for i=1:(count+1)
psi(i)=-step_zeta*(i-1); %Incriments the centerline potential
psi0=psi(i);
u=K*exp(-psi0/2)/2;
%Argument for elliptic function eq(15)
m=exp(2*psi0);
%Argument for elliptic function eq(15)
[SN,CN,DN]=ellipj(u,m); %elliptic functions are calculated here
%Calculates the difference between the calculated zeta potential and the %specified zeta potential
eq(i)=abs(zeta-psi0-log((CN/DN)^2));
if i==1
toler=eq(i);
%sets the tolerance value for the
%difference between the specified
x_psi=psi(i)
%and the calculated zeta potential

elseif eq(i)<toler %When the difference between the specified
%and calculated zeta potnetials is less
toler=eq(i);
%than the tolerance
%The difference is set equal to the
x_psi=psi(i);
%tolerance causing the break statement to
%be executed
else
break;
end
end
m=exp(2*x_psi); %Argument for elliptic function eq(15)
vg1=0;
vg3=0;
N=100;
%Number of bins for numerical integration
%numerical integration is done here for eq(11) and eq(12)
for i=1:(N-1)
eta=i/N;
%Width of each bin for integration
u=K*eta*exp(-x_psi/2)/2; %Argument for elliptic function eq(15)
[SN,CN,DN]=ellipj(u,m); %calculation of jacobi elliptic functions
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vpsi=x_psi+log((CN/DN)^2); %calculates the double layer potential, psi
vg1=vg1+vpsi;
%Summation for eq(11)
vg3=vg3+cosh(vpsi);
%summation for eq(12)
end
%Endpoints of numerical integration are added here
vg1=((vg1+zeta/2+x_psi/2)/N-zeta)/(zeta); vg3=(vg3+cosh(zeta)/2+cosh(x_psi)/2)/N;
%Figure of merit eq(3), eq(13) Calculation with and without stern
Z(k,j)=(3*vg1^2)/((2*(K/zeta)^2)*((1+beta/4)*vg3-cosh(x_psi)));
ZSTR(k,j)=(3*vg1^2)/(2*(((K/zeta)^2))*((1+beta/4)*vg3-cosh(x_psi)+(beta/4)*Du));

conductance

%Calculation of the phenemonelogical co-efficients, M, G, S with and without %stern conductance
M(k,j)=((-2*epsilon*(k/100)*((j^2)*(9.17e-10))/mu)*vg1);
G(k,j)=((2/3)*((j^2)*(9.17e-10))^3)/mu;
Sstr(k,j)=((4*(epsilon^2)*((k/100)^2)*(K^2))/(mu*((j^2)*(9.17e10))*zeta^2))*((beta/4+1)*vg3cosh(x_psi)+(beta/4)*Du);
S(k,j)=((4*(epsilon^2)*((k/100)^2)*((K/zeta)^2))/(mu*((j^2)*(9.17e-10))))*((beta/4+1)*vg3-cosh(x_psi));
%Normalized power density calculations, with and without stern conductance. %eq(16)
PDSTR(k,j)=((1/3)*(h^2)/mu)*(sqrt(1-ZSTR(k,j))*(1-sqrt(1-ZSTR(k,j)))^2)/(ZSTR(k,j));
PD(k,j)=((1/3)*(h^2)/mu)*(sqrt(1-Z(k,j))*(1-sqrt(1-Z(k,j)))^2)/(Z(k,j));
%The following 3 if statements create arrays for generation effieiceny plot %at zeta*=2,4,8 eq(15)
%Zeta*=2
if k==4
KX(j)=(j^2)*(9.17e-10)*kappa; %Array for X axis of 2-D efficiency plot
EmaxN2(j)=((1-sqrt(1-Z(k,j)))^2)/(Z(k,j));
EmaxN2STR(j)=((1-sqrt(1-ZSTR(k,j)))^2)/(ZSTR(k,j));
end
%zeta*=4
if k==8
EmaxN4(j)=((1-sqrt(1-Z(k,j)))^2)/(Z(k,j));
EmaxN4STR(j)=((1-sqrt(1-ZSTR(k,j)))^2)/(ZSTR(k,j));
end

%zeta*=8
if k==16
EmaxN8(j)=((1-sqrt(1-Z(k,j)))^2)/(Z(k,j));
EmaxN8STR(j)=((1-sqrt(1-ZSTR(k,j)))^2)/(ZSTR(k,j));
end
end
end
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%Figure of merit contour plots
figure(1)
contourf(X,Y,Z,20); %Contour plot of figure of merit Z
figure(2)
contourf(X,Y,ZSTR,20); %Contour plot of figure of merit Z incuding Stern conductance
%Normalized power density contour plots
figure(3)
contourf(X,Y,PD,20);
figure(4)
contourf(X,Y,PDSTR,20);
%2-D efficiency plot.
figure(5)
plot(KX,EmaxN2);
hold on
plot(KX,EmaxN4);
plot(KX,EmaxN8);
figure(6)
plot(KX,EmaxN2STR);
hold on
plot(KX,EmaxN4STR);
plot(KX,EmaxN8STR);

disp('done')
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